T HE Wilson central terminal has been
shown to have potential variations which at most are small in comparison with those which occur on electrodes placed at the standard precordial points. 1 ' *• '• * Consequently, there is little or no need for improving upon its "zero of potential" for the purpose of recording these unipolar precordial leads. In 1912 when Einthoven represented the electrical activity of the heart beat by a vector drawn at the center of his equilateral triangle' he made certain assumptions regarding the electrical nature of the problem. In 1932 and 1934 when Wilson et al.*' 7 presented the central terminal network and accepted certain of Einthoven's assumptions after discussing them in considerable detail they based the construction of the central terminal upon them. The notion of a vectorcardiogram may therefore be ascribed to Einthoven and the idea of properly locating the origin of the cardiac vector may be ascribed to Wilson and his associates. More recently Wilson et al. 1 presented a comprehensive discussion of the theory of unipolar electrocardiographic leads and only certain of the many important points of this article require further elaboration at this time.
Only recently*' 9 has evidence been offered that the vector sE, the instantaneous cardiac axis, actually exists as a recordable entity by an electrode system on the human subject. It would be surprising indeed if the origin of sE were to be found at the precise mathematical point postulated by Einthoven and approximated by Wilson . Nevertheless, such was actually the case for one of 18 living human subjects studied 9 .
The vectorcardiogram may be described as the space curve traced by the terminus of sE. In our opinion the proper recording of this curve places certain minimal requirements upon the electrode-system from which its component leads are derived: (1) All electrodes in the system shall be shown experimentally to be "remote" from the cardiac generator. (2) For 3-dimensional or stereoscopic recordings the leads "parallel" to the arbitrary X, Y, Z coordinate system shall be shown experimentally to be mutually perpendicular. (3) The relative standardization of the three mutually perpendicular leads shall be such that when sE makes equal direction angles with these leads, the potential differences detected upon them are equal.
The present report deals with a method by
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which requirement (1) may be satisfied or tested for a given electrode system. It is therefore fitting to discuss briefly the argument which supports this requirement.
CONCERNING THE REMOTENESS OF A CENTRAL
TERMINAL ELECTRODE SYSTEM
In the following argument the non-homogeneous character of the medium is neglected 6 ' 10 ' ". The potential function for a complex of dipoles within a small spherical surface of radius a may be expressed at any outside point in the form of a convergent infinite series each term of which is inversely proportional to R H+ \ where R is the distance from the centroid of the volume conductor to the outside point on the surface of the conductor at which the ]X>tential is evaluated 11 . Moreover, each term in the series aside from the surface harmonic is directly proportional to twice the moment p for a volume conductor of arbitrary conlour*. For the first term (n -» 1) the potential is that of a dipole at the center of the sphere of radius a and p"> is a vector. The second and third terms of the expansion are respectively the potentials of a quadripole and octipole and the remaining terms are potentials of multipoles of higher order all located at the origin of the sphere of radius a. The moments p for terms which include the cube and higher powers of R are not vectors but are tensors of the second and higher rank. If the space curve of the cardiac generator is to be a vectorcardiogram rather than a tensorcardiogravi, terms which include the cube and higher powers of ft" must be neglected. This can always be done if R is sufficiently large; that is, when the potential variations on each electrode of the system are those of a doublet of fixed orientation and of variable direction and moment. The theory of a zero potential on a terminal of two or more branches with fixed resistances requires that the terminal be connected to electrodes which are distant from the heart; that is, where R n+1 is sufficiently large to neglect all terms which contain n > 1. Reports from this laboratory 8 indicate that the zero potential of the heart's field is satisfactorily defined as the average value Vt, of the potential over the surface of a large integrating spherical electrode S which contains the living subject and a homogeneous conducting medium. Consequently, when the potential of the terminal is made to equal the potential V o throughout the cardiac cycle by adjusting the resistances in the branches of the terminal it is shown that the potential of the terminal is zero provided on ly that the detector is operated at adequate sensitivity.
METHOD AND MATERIAL
The details of the spherical electrode of surface S have been described elsewhere*. The subject is located within its surface on a rope seat with the feet supported by a rope sling. The 4-electrode system used contains the limb electrodes (ft), (L), and (F) located on the arms below the shoulders and on the left thigh. These particular locations were chosen to minimize the effect of motion of the extremities in the homogeneous conducting medium (tap water at 75-80° F). The fourth electrode (J3) was placed on the back at the chest level of V > , 2 or 3 centimeters to the left of the spine. All electrodes were rubberized in such a way that the electrodes and the wire contacts were insulated from the water and made direct contact with the skin surface only. The subject breathed into a closed air circuit through a face mask or mouth piece under a variable pressure reaching 40 cm. of water at full immersion. When the mouth piece was used the eyes and nose were covered with an aqua-lung visor made of glass and rubber. Breathing was always comfortable during immersion.
The lead wires from the electrode system and the sphere terminated in a junction-box which contained the lead selector switches and a 4-branch central terminal of the Wilson type with variable resistance decades. Any of the 4 branches of the central terminal could be disconnected from the electrode lead wire by individual switches. When the sphere and the subject were completely immersed in the large tank of tapwater the desired leads were recorded. The detector circuit consisted of a 2-channel Sanborn electrocardiograph of the photographic type which was operated at normal sensitivity. The input signal to the Sanbom was from a 2-channel custom built preamplifier* of very low noise level and capable of operating at 10 times normal sensitivity in selected steps of one millivolt per centimeter. All recordings were made at a sensitivit3 of 7N. This sensitivity records the unipolar limb lead voltages during immersion as large or larger than would be recorded in air. The oscilloscope out-put of the Sanborn was connected to a unit gain converter which altered the balanceto-ground output of the Sanborn to one unbalancedto-ground. The latter output was fed through a General Radio vibration analyzer which was operated on broad-band selection at 2S c.p.s. This unit eliminated noise and passed the largest components of the QRS-complex through a 60 db gain into the vertical amplifier of a Dumont oscilloscope. The latter unit was operated at full gain of 40 db without sweep. The lead (FT -Vo) was fed to the scope during the immersion experiment. With partial immersion this lead displayed a scope signal of several inches which reduced to 0.25 inch or less when immersion of the sphere was complete.
In all experiments the lead (VR -Vo) was recorded by the Sanborn simultaneously with lead I. The central terminal consisted of 3 equal resist-* Workshop for Electronics, Oklahoma City.
RESISTANCES IN WEIGHTED TERMINAL
No. 19, 20 . In 20 of the remaining 30 subjects the terminal was adjusted to zero potential. In only 3 subjects was a fourth brunch with resistance h required.
ances r, I, f of 5 thousand ohms in each branch to the electrodes (ft), (L) and (F). The potential difference between this terminal and the sphere was recorded in each instance. Balance operations upon the variable resistances of the terminal were then carried out in an effort to annihilate the potential difference (V -Vo). Initially, the fourth branch with a variable resistance h to the electrode (J5) was connected to the 3-branch terminal. Resistances r, I and h. were then adjusted upward from their starting values of 5 thousand ohms each. It was soon apparent that time could be saved by commencing balance operations on the 3-branch terminal to the electrodes (ft), (L) and (F) by increas-ing the resistances r and I equally in steps of one thousand ohms each. In all 35 different subjects were studied with a total of 54 immersions which included 19 repeats. Table 1 shows the results of immersion experiments on 29 normal adult males under 40 years of age and 4 normal adult females under 20 years of age. Figure 1 shows sample recordings from 8 of these subjects. In 3 subjects (18, 19, 20 ) (V T -Vo) was zero using the standard 3-branch Wilson terminal. In 20 of the remaining 30 subjects the error of V T (r = I = /) was annihilated and in the other 10 subjects was reduced to a very small order. Subject 17 was of particular interest. Immersion in a one-piece bathing suit gave considerably higher ratios r//and Z//than those shown in table 1 which were recorded a few minutes later in a two-piece bathing suit. The higher average ratios for the group of female subjects (14-17) may in part be ascribed to the use of two-piece suits. Male subjects were clothed only in cotton trunks. Figure 1 shows the small order of the remaining error in F r for the weighted terminal and recordings from 2 subjects (19, 20) wherein V T (r = I = /) = 0. Table 2 gives results in 14 subjects in whom the potential variations this group a zero of potential was given by the weighted terminal in contrast to only one subject in whom the unweighted terminal was zero. In subjects 4 and 26, V T was further reduced (see table 1 ).
RESTJLTS
An improved visual recording technique would have eliminated many of the repeat immersions and probably would have enabled the Wilson terminal to be adjusted to a zero of potential in virtually all of a group of normal subjects.
DISCUSSION
In the following discussion, the rectangular coordinate system is arbitrarily taken with its origin at the origin of the vector sE, the instantaneous electrical axis. The positive axis of X is taken parallel to lead I and the leads indicates that the unweighted terminal T(r = I = /) is of zero potential. All combinations of contributions are not included by equations (1) through (5). However, these combinations were the only ones encountered, (table 1) in the attempt to satisfy V T = 0. It is observed that the terminal T(r = I = /) may be expected to have a zero of potential about once in every 12 normal subjects measured. When this terminal was not zero the resistance / differed from its fellows in every instance indicating that the E y component is consistently implicated in the error on T(r = I = /). Moreover, the difference in the / resistance relative to its fellows was of a high order. Terminals of the type indicated by relations (1) 
FIO. 1. For each subject lead I (top) is recorded simultaneously with the lead (VT-V o ) (bottom). On the left (V T -V o )
is the potential difference between the unweighted terminal and the sphere. On the right (I^r" 1M is the potential difference between the weighted terminal and the sphere. The number below the recordings refers to the subject number in table 1. value in replacing the unweighted terminal for the purpose of recording the 6 standard precordial leads. The potential variations at the precordial points are of a greater order of magnitude than those encountered on the electrodes (ft), (L), (F) and (5).
Our studies indicate, nevertheless, that a terminal of the form T(r = I = 2.6/) will give a more satisfactory reproduction of the potential variations at the limb lead electrodes and at other electrodes on the body surface at points remote from the heart. In 1947-49 Bayley, First, and Head 14 found that if a dipole electrode is inserted into the heart of a human or dog cadaver in such a way that the axis of the dipole is parallel to the plane defined by the (ft), (L) and (F) electrodes and is rotated parallel to this plane for a maximal deflection on lead I, the deflection (V F -V T ) is zero; and likewise when the deflection on (V" -V T ) is maximal that on lead I is zero. They concluded that the leads I and (V r -W) were mutually perpendicular. Similar studies were not carried out for the lead (V B -Vr) relative to leads I and (V y -V r ). It appears likely that if the electrode (B) is placed at the level of precordial lead V 3 and 2 or 3 centimeters to the left of the spine the lead (V fl -V T ) will be parallel or nearly parallel to the Z-axis provided use is made of the terminal T(r = I = 2.6/).
If we regard the potential V T (r = I = 2.6/) as zero for a given subject we may compute the maximum error on T(r = I = f). For all directions of the cardiac vector sE we have
The maximum error on T(r = I = /) will occur when sE = E y . If at this instant the maximum value of V? is 1 millivolt, the instantaneous values for V K and V L which satisfy (12) are -1. This result is in good general agreement with
The equilateral triangle of Einthoven gives a = 1.73. It is thus observed that, relative to the completely measured subject for whom a = 1.87 the Burger-triangle and standard Wilson-terminal combination introduces an error in the standardization factor of 35 per cent for the lead (V r -V r ). Concerning Homogeneous Models: In a previous report 8 we pointed out our failure to obtain a satisfactory reference point of zero potential at a node on the generator circuit which was used for creating the field of an electric dipole in biological tissues. The difficulties (unreported) which we encountered when working with homogeneous models have been confirmed in a recent report by Frank and Kay 18 . In essence, this important article will deter some investigators from working on homogeneous models of unsolved boundary conditions by the use of an extremely critical reference point on the generator circuit. On the other hand, if the boundary condition is solved for a homogeneous model, the dipole field is known and there appears to be little advantage in a reference node on the generator circuit which must first be adjusted to the potential of a field electrode which is carefully placed at a theoretically calculated zero potential surface. Under the circumstances the field electrode itself will serve as a more stable reference point from which to map the known field. If the dipole or field axis is then rotated into a plane which alters the orientation of the boundary with respect to that of sE a new potential for the node on the generator circuit is required. Aside from indicating the importance of boundary shape with reference to dipole orientation upon the distribution of potential, studies upon homogeneous torso models 19 ' **• 21 should in our opinion be interpreted with considerable caution in regard to the bearing which they might have upon associated problems dealing with the living human subject. For example, Frank's models show a Wilson-terminal vectorof-error V 7 which has a large positive component on the Z-axis for the dipole located in the center of the "heart region" 20 ' "• ". The present study on the living human subject shows clearly that the Wilson terminal vector-of-error denoted by V T ordinarily has a zero component on the Z-axis. Moreover, when the Z-axis component of V T is not zero in the living human subject this component is small and negative 1 Furthermore, if the Z-axis component of V22 T on the torso model is equated to zero in order to more nearly resemble the living subject, the computed zero terminal for the torso model is V T (r = UAl = 11.2/) = 0. This result still bears no close resemblance to our finding on the living human subject, table 1. It is reasonable to believe that the simplified boundary assumptions of the Einthoven equilateral triangle may, as our findings indicate, anticipate the living human subject quite as accurately as studies upon homogeneous torso models. The Einthoven triangle oversimplifies the effect of boundary contour relative to dipole position upon potential distribution, and the homogeneous torso model appears to overemphasize the effect of boundary contour on potential distribution. It would appear that the nonhomogeneous structure of the living subject compensates in many respects for distortions of boundary contour to smooth out the potential distribution in the direction of the Einthoven triangle.
Concerning Variable Eccentricity of Dipole
Orientation: It has been suggested on theoretical grounds 23 ' 24 that the effective position of the origin of sE might vary within the heart or execute a variable eccentricity and thereby affect the form of V T . An error of this kind on T(r = I = f) could not be annihilated by weighting the terminal with fixed resistances. The present studies show no evidence of a contribution of this kind to the error in FR, inasmuch as the zeros of potential on the terminals of 23 subjects are all maintained throughout the cardiac cycle, figure 1 and 3 . The only variations in the origin of sE which we have observed in the living human subject are those produced by respiration" and this effect is negligible in magnitude and can be eliminated by quiet breathing. The theoretical notion of a variable eccentricity for the origin of sE is of little or no consequence in the potential variations of V T as measured by the electrode system (R), (L), (F) and (B). Respiration produces small variations of the origin of sE and these can be eliminated by quiet breathing.
The origin of sE is such that its zero-potential surface may pass simultaneously through, or dorsal to, the electrodes (R), (L), and (F) and the origin is more remote from (F) than from (R) and (L).
The simplifying boundary assumptions of the equilateral triangle of Einthoven tend to minimize the influence of boundary upon potential distribution. The studies by others of homogeneous torso models appear to overemphasize this influence. It is reasonable to suppose that results of the former may anticipate the truth for living human subjects quite as accurately as results from the latter.
